In the golden hamster (Mesocricetus auratus), pubertal establishment of spermatogenesis includes a defined period (d 26-30 of life) during which elongation of spermatids is selectively arrested. The resulting appearance of germ cell associations not conforming to stage and the phenomenon of desynchronisationrelated germ cell degeneration are analysed both quantitatively and qualitatively by means of light and ' retrospective ' electron microscopy. From d 26 onwards, the portion of tubules containing non-stage conforming germ cell associations gradually increases up to 37.5 % of sectioned tubules on d 32. Concomitantly, the degree of desynchronisation rises to a maturational gap between spermatids and associated younger germ cells of 7 stages of the seminiferous epithelium cycle, i.e. of fully half a cycle. Beyond d 32, the frequency of desynchronised tubule segments decreases again. Some of the arrested round spermatids and, eventually, all belatedly elongating spermatids degenerate and are lost from the epithelium. Thus a regular maturation of advanced spermatids does not succeed under non-stage conforming conditions. Possibly it is not the desynchronisation between the associated germ cell generations and the spermatids by itself that impedes normal further development of the latter cells. Instead this may be due to the maturational delay of the stage-aberrant cells by several stages compared to the seminiferous epithelium as a whole and, especially, in relation to the stage-conditioned functional state of the neighbouring Sertoli cells.

Spermatogenesis of most mammalian species follows a highly coordinated organisational pattern, the temporal and spatial features of which lead to the cyclical appearance of well defined associations of germ cell types, designated the stages of the cycle of the seminiferous epithelium, at any given area of the seminiferous epithelium (Leblond & Clermont, 1952 ; Clermont & Perey, 1957 a ; Clermont, 1972) . The somatic component of the seminiferous epithelium, the Sertoli cells, actively participate in the cyclic alterations of the epithelium in many respects. This includes regular, precisely stage-related variations of structural, biochemical, and functional features (reviewed in Morales & Clermont, 1993 ; Parvinen, 1993) , that appear to be closely adapted to the developmental progression of the respective types of germ cells present. The concrete relationship between successful germ cell maturation and the stage-related Correspondence to Dr Andreas Miething, Institute of Anatomy, University of Bonn, Nussallee 10, D-53115 Bonn, Germany. functional state of the local Sertoli cells is, however, still a matter of indirect evidence and of speculation.
During pubertal establishment of spermatogenesis, both the course of germ cell development and the composition and coordination of local germ cell associations generally match or at least correspond to the organisational pattern of adult spermatogenesis (Clermont & Perey, 1957 b ; Neumann et al. 1993 ; Miething, 1998) . In the golden hamster, however, this period of pubertal maturation of the seminiferous epithelium includes a temporarily occurring partial desynchronisation of local germ cell associations (Miething, 1998) , a phenomenon which has not been studied in other species so far. The reason for the desynchronisation lies in a transient developmental arrest selectively affecting pre-elongational spermatids of step 6\7 (Miething, 1998) between d 26 and 30. This, in turn, is presumably due to a delayed maturation of the Leydig cell enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD ; Miething, 1997 Miething, , 1998 ) and a resulting, temporary testosterone deficiency. Thus the spermatid generations involved become increasingly retarded compared with the normally developing associated cell types of the local seminiferous epithelium, i.e. they gradually assume a non-stage conforming state.
The present study at first quantitatively surveys the occurrence of the non-stage conforming spermatids in the pubertal golden hamster testis. Furthermore, the (degenerative) fate of these cells is followed on d 26-30 and also throughout the late pubertal period beyond d 30, when the testosterone level in the male golden hamster rises (Vomachka & Greenwald, 1979 ; Clemens & Witcher, 1985) and the developmental block of the spermatids involved is belatedly overcome.
  

Processing of tissue
Testes of pubertal golden (Syrian) hamsters, Mesocricetus auratus, aged between 26 and 40 d postpartum were studied at intervals of 2 d (3 animals for each even developmental day). Animals were deeply anaesthetised with sodium pentobarbital (30-40 mg\ 100 g body weight, i.p.) and perfusion-fixed with a mixture of 2 % glutaraldehyde and 2 % paraformaldehyde in 0.1  phosphate buffer (pH 7.2) via the left ventricle. The testes were removed, diced into 1-2 mm cubes, and immersed in the same fixative for a further 2 h. The samples were postfixed in 1 % phosphate- buffered osmium tetroxide for 4-5 h, dehydrated in a series of graded ethanols, and embedded in Araldite. Series of semithin sections (1 µm) were stained with toluidine blue\pyronin (Holstein & Wulfhekel, 1971) . Thin sections (50-80 nm) were cut from selected, reembedded semithin sections (' retrospective electron microscopy ' ; Schabtach & Parkening, 1974 ; Larramendi, 1985) , stained with uranyl acetate and lead citrate, and examined with a Philips 301 electron microscope.
Staging of the seminiferous epithelium\quantitative analysis
Tubule cross sections were each assigned to one of the 13 stages of the golden hamster seminiferous epithelium cycle according to the morphological criteria defined by Clermont (1954) . Particular care was taken to identify those tubule segments where the developmental state of the leading generation of spermatids did not correspond to the stage represented by the associated younger types of germ cells present. Quantitative analysis included determination of the percentage of non-stage conforming tubule sections in the testes of each developmental day studied. In addition, the respective extent of desynchronisation reached in the tubules involved was estimated on d 26-30 (see Table 1 ), whereas thereafter (d 32-40, see Table 2 ) the spermiogenic step to which belated elongation had proceeded was assessed. For this purpose, at least 50 tubules per animal were evaluated by light microscopy. Results are given as mean valuespstandard errors of mean (...).

Occurrence of non-stage conforming spermatids
The most advanced segments of the seminiferous tubules exhibited pre-elongational spermatids of step 6 as early as on d 26, while other segments reached that level up to several d later. The presence of arrested spermatids and of resulting desynchronised germ cell associations gradually increased from d 26 onwards. The quantitative peak of desynchronisation was reached on d 32, when more than one third (37.5 %) of the tubule cross sections were affected. Thereafter, the frequency of desynchronised tubule sections gradually decreased again, and no such tubules were present on d 40. The quantitative data for the occurrence of desynchronised tubule segments in the present material are surveyed in Between d 26 and 30, also the respective degree of desynchronisation considerably increased (Table 1) . The most extensively desynchronised tubule sections showed spermatids of step 6\7 along with younger germ cells which had proceeded to stage I of the seminiferous epithelium cycle (see Table 1 , d 30). This implies a developmental gap of 7 stages, i.e. of approximately half a cycle.
After d 30, the existing desynchronised spermatids entered a belated elongation process which, however, at no time proceeded beyond step 13 of spermiogenesis (Table 2) . 
Degenerative fate of non-stage conforming spermatids
The arrested round spermatids of step 6 or 6\7 at first remained lying unchanged within the seminiferous epithelium (Fig. 1) . On d 28-30, however, a growing number of these cells developed signs of degeneration, which were nuclear and acrosomal deformation, bi-or multinuclearity, and overall structural degradation (Figs 5, 9) . On d 30, many of the cells broke down and were shed into the tubular lumen. Beyond d 30, the spermatids arrested until then (but not yet degenerated) gradually entered the process of elongation (Fig. 2 ). Yet the developmental coordination among neighbouring spermatids became increasingly lost and, even more significantly, they did not complete spermiogenesis but all degenerated during the ensuing days. This was manifested in various malformations of the spermatid heads (Figs 6, 8, (10) (11) (12) and in multinucleation (Figs 6, 7, 11) and was frequently accompanied by the premature release of the cells from the epithelium (Figs 3, 8) . As a consequence, the leading generation of belatedly elongating spermatids was markedly reduced in number or was even completely lacking in some areas of the seminiferous epithelium (Fig. 4) .

There are only a few instances where the regular organisational pattern of nonprimate mammalian spermatogenesis is not fully adhered to and, especially, where the locally associated germ cell generations do not completely match one of the defined stages of the seminiferous epithelium cycle of the respective species studied. Such exceptions include physiological and experimental conditions where single germ cell generations are missing in the epithelium. Thus the more advanced germ cell generations are not yet present during the pubertal establishing period of spermatogenesis (Clermont & Perey, 1957 b ; Neumann et al. 1993 ; Miething, 1998) or in the course of the spontaneous (Miething, unpublished data) or photoperiodically stimulated (Schubert, 1977 ; Pelletier, 1986 ) gonadal recrudescence of the seminiferous epithelium in seasonally breeding mammals. Alternatively, specific germ cell types may be eliminated by administration of toxic substances (Bartlett et al. 1988 ; Sharpe et al. 1988 ; Russell et al. 1990 ), by radiation (Dym & Clermont, 1970) , or by heating of the testis (Chowdhury & Steinberger, 1964) . In all of these instances, there is no distinct impairment of the stage-coordinated maturation of those other germ cells that are only just or that are still present in the epithelium, respectively.
The present results characterise a quite different situation, in that a certain generation of pubertal germ cells is considerably less developed than expected for the particular cell association within which it is found. The reason for the underlying, temporarily occurring developmental arrest selectively affecting pre-elongational spermatids is a physiological delay of the maturation of the Leydig cell enzyme 11β-HSD (Miething, 1997 (Miething, , 1998 . The resulting low testosterone output up to d 30 (Vomachka & Greenwald, 1979) does not allow conversion of round to elongating spermatids before this point of time.
The principle of perpetual stage-fidelity of mammalian germ cell development was first challenged by the observation of a certain asynchronisation of cell types within local germ cell associations as a characteristic morphological pattern of response in adult rats treated with the chemotherapeutic drug procarbazine (Russell et al. 1983) . In that study, round spermatid development was halted, leading to a gap in spermiogenesis and to the occurrence of stages II-IX of the seminiferous epithelium cycle with partly degenerating, early round spermatids 1 and 2. In Fig. 9 . Incipient deformation of the nucleus and acrosome of a desynchronised round step 6 spermatid. Bar, 0.5 µm. addition, round spermatids showed abnormally configured chromatoid bodies and nucleoli, which point to defective cellular RNA and consequently protein synthesis (Russell et al. 1983) .
A second instance of a selective retardation of germ cells, in the case of initially elongating, often malformed step 9-13 spermatids in stages with more advanced designations, is referred to in a study on pubertal rat spermatogenesis (Russell et al. 1987) . However, as these authors did not examine a continuous succession of age levels and did not analyse the degree to which asynchronisation of cells within cell associations occurred, neither the precise time point of developmental disturbance nor the maturational and\or degenerative fate of the rat spermatids were dealt with in that study.
The present results are the first to quantify and characterise precisely the occurrence and the degenerative fate of specifically retarded, asynchronous germ cells. There are several aspects of this phenomenon that merit discussion.
1. The arrest specifically affects spermatids at a defined step of spermiogenesis, i.e. immediately before the expected initiation of elongation. Because of the wave-like coordination of the seminiferous epithelium (Perey et al. 1961) , the different segments of seminiferous tubules reach the crucial developmental state sequentially during pubertal establishment of spermatogenesis (Clermont & Perey, 1957 b ; Miething, 1998) . This results in a continuous accumulation of tubule sections with asynchronised germ cell associations between d 26 and 32 (see Tables 1, 2 ). On the one hand the accumulation is a quantitative one, since the percentage of tubule sections showing germ cell asynchronisation gradually increases with time. In addition, the maximum numerical gap between the local stage of the seminiferous epithelium cycle and the respective step of associated spermatids also rises. Both these quantitative and qualitative parameters substantiate the existence of an actual germ cell arrest, since at least a proportion of the cells affected remain lying unchanged within a normally proceeding seminiferous epithelium for several days. Beyond d 30, the arrest of spermatid elongation is gradually overcome and, accordingly, the proportion of tubules showing desynchronised cell associations begins to fall shortly thereafter.
2. The immediate mechanism(s) underlying the described retardation of the spermatids are not clear at the moment. As has been proposed for the procarbazine-induced retardation of early rat spermatids (Russell et al. 1983) , the presently affected preelongational spermatids might also primarily suffer an impairment or inhibition of the development of the acrosome system. Regular acrosome maturation is supposed to play a key morphogenetic role in spermiogenesis and for nuclear elongation in particular (e.g. Holstein et al. 1973 Holstein et al. , 1988 .
3. Once the affected spermatids have attained an asynchronous, non-stage conforming state, they do not succeed in completing spermiogenesis but inevitably degenerate and are lost from the seminiferous epithelium. In the present material, belated elongation never advances beyond step 13 of spermiogenesis. While it cannot be excluded that degenerative alterations of the retarded spermatids in procarbazinetreated rats (Russell et al. 1983 ) are at least in part directly affected by that extrinsic toxicant via inhibition of RNA and protein synthesis (Lee & Dixon, 1972) , there is no such factor operative in the presently studied pubertal situation. Besides a relative testosterone deficiency up to d 30, the essential irregularity affecting the spermatids seems to be the non-stage conforming state exhibited by the cells. This view is supported by the observation that previously desynchronised germ cells, even if they have belatedly managed to enter elongation, generally degenerate beyond d 30. This occurs irrespective of steeply rising testosterone levels that allow normal maturation of similarly developed, yet stage-conforming spermatid within other tubule segments of the same late pubertal testis.
Possibly it is not simply the desynchronisation between the associated germ cell generations and the spermatids that impedes normal further maturation and induces degeneration of the latter cells. Instead this phenomenon may only be indicative of the developmental delay of the spermatids compared with the structural and functional state of the local Sertoli cells. Sertoli cells actively take part in the seminiferous epithelium cycle in many respects. These include regular precisely stage-related variations of structural, biochemical, and functional features (Morales & Clermont, 1993 ; Parvinen, 1993 ) that appear to be closely adapted to the requirements of the respective types of neighbouring germ cells.
There are some indications that both the developmental arrest of the spermatids and possibly the subsequent degeneration of desynchronised cells are related to the local Sertoli cell-controlled microenvironment. That specific block of spermatid conversion is initiated during midcycle stages. This particular phase of the seminiferous epithelium cycle (stages VII and VIII in the rat) is preferentially dependent on the presence of androgens (e.g. Russell & Clermont, 1977 ; Bartlett et al. 1989 ; Sun et al. 1990 ; O'Donnell et al. 1994 ) which, in turn, upregulate several Sertoli cell-secreted proteins (Sharpe et al. 1992) . Also the secretion of androgen binding protein (ABP) by Sertoli cells and the concentration of ABP mRNA are both highest at midcycle stages (Ritzen et al. 1982 ; Linder et al. 1991 ). Other Sertoli cell-derived regulatory agents, such as proteins (e.g. cyclic protein-2, sulphated glycoprotein-2, testibumin, inhibin) or several growth factors (rewieved by Parvinen, 1993 ; Skinner, 1991 Skinner, , 1993 are also secreted stage-dependently and are thought to be involved in the establishment of a seminiferous epithelium milieu essential for normal germ cell maturation. Therefore the desynchronised spermatids under discussion might simply fail to meet with the stimulatory and\or nutritive factors required for their regular completion of spermiogenesis. Taken together, dissociation of the maturational level of germ cells and the stage-related state and activity of neighbouring Sertoli cells by several stages of the seminiferous epithelium cycle seem likely to represent factors that account for the inescapable degenerative fate of desynchronised spermatids as presently found. This correlation has to be further confirmed in future studies, which might take that particular period of pubertal spermatid development as a model for generally investigating the relationship between precise stage-synchronisation and successful differentiation of advanced germ cells. 
